Abstract. Energetic ions observed in the cusp have been explained as a result of processes within the magnetosphere, but also proposed as a driver of some of those same processes. This study assesses potential connections between energetic ions observed in the cusp and geomagnetic storm and substorm activity. These connections may suggest sources of cusp energetic particles (CEPs), or imply effects of these particles on magnetospheric dynamics. We identify CEPs from six years of cusp crossings by the Polar satellite, relating them to storm and substorm onsets. CEPs showed no significant dependence on storms but did show a weak, statistically significant, increase after substorm onsets. CEPs had no significant association with subsequent storm or substorm onsets. We conclude that substorm acceleration may contribute to CEPs but CEPs are unlikely to contribute to global magnetospheric dynamics.
Introduction
The Polar satellite (Russell, 1995) was launched on 24 February 1996 into a 1.8R E ×9R E polar orbit, period 18 h, inclined > 84 • from the ecliptic. It operated until its fuel supply was exhausted and was shut down in April of 2008. Early in the mission, Chen et al. (1997) reported observations of energetic ions in the cusp, dubbing them cusp energetic particles (CEPs). Zong et al. (2004) and Zong et al. (2005) showed observations and model field line geometries suggesting the trapping of energetic ions and electrons in the cusp.
Further studies of CEPs and their relationship to potential drivers (e.g., Zhang et al., 2005) have lead to three suggested sources, possibly acting in concert:
1. proposed local acceleration of particles in the cusp, particularly in diamagnetic cavities. Niehof et al. (2010) showed a long-term association between observations of CEPs and cusp diamagnetic cavities; Walsh and Fritz (2011) presented electron observations consistent with local acceleration. Other studies have examined candidate mechanisms for such acceleration. presented a correlation between local ULF wave power and energetic ions. Otto et al. (2008) modeled trapped particles in a cusp-like geometry, showing acceleration from electric fields. Others (e.g. Fritz et al., 2003; Whitaker et al., 2007) examined propagation constraints on the energetic particles, finding that particles drifting to the cusp from other candidate acceleration regions would need to violate adiabatic invariants. Nykyri et al. (2012) extended both the drift constraints and cusp modeling. However, Trattner et al. (2010) presented examples of CEPs unassociated with diamagnetic cavities.
2. At substorm onset, the stretched tail field returns to a dipole configuration. This dipolarization can accelerate particles in the tail (Birn et al., 1997) . This and other acceleration mechanisms have been reviewed by Birn et al. (2012) . Blake (1999) traced energetic particles in a model magnetic field and demonstrated that they could drift from the night side to high latitude on the day side, populating the cusp. Via this mechanism, Delcourt and Sauvaud (1999) showed ring current and radiation belt
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particles could access the cusp, particularly during the rapidly-varying geomagnetic field of a substorm.
Using Cluster observations of the exterior cusp, Asikainen and Mursula (2005) attributed CEPs to the day side high-latitude plasma sheet (HLPS), itself populated by energetic particles drifting from the tail. They showed a positive correlation between energetic proton fluxes in the cusp and the AE index, interpreted as a measure of substorm activity. However, AE is also a signature of magnetospheric convection, without specifically requiring substorms (e.g., Sergeev et al., 1996) . The fluxes in the HLPS were also shown to correlate strongly with several other measures of magnetospheric driving. Thus although the correlation with AE is suggestive of a substorm source, it is an ambiguous signal.
3. The quasi-parallel bow shock is known to accelerate solar wind ions to hundreds of keV. Chang et al. (1998) argued that these ions can easily propagate to the cusp. This mechanism did not readily explain CEPs of apparent ionospheric origin; based on spectral differences between the low and high charge state CEPs, Chang et al. (2000) proposed those particles originated from magnetospheric leakage. Trattner et al. (2001) similarly concluded that high charge state CEPs below 150 keV were accelerated at the shock, and higher energy CEPs were accelerated inside the magnetosphere before leaking to the cusp.
The origin of CEPs would be particularly important if they influence the global magnetospheric system. Fritz et al. (2000) proposed that CEPs drift to the night side and form a component of the ring current, partial ring current, and radiation belts. In this hypothesis, CEP events should be followed by signs of energetic particle activity elsewhere in the magnetosphere; whereas a magnetospheric leakage source for CEPs implies CEP observations should follow magnetospheric activity. This study examines associations between CEP events and geomagnetic activity in either direction, testing both the hypothesis of geoeffective CEPs and the leakage theory of CEP origin.
This paper first presents the data sets used in our study, including event selection criteria. Section 3 describes the key technique of association analysis, which we apply to these sets in Sect. 4. Finally we discuss the implications of this analysis for the role of CEPs in the magnetosphere.
Data sets
Cusp passes and CEP events are based on the events from Niehof et al. (2010) , derived from the Polar satellite observations. Their derivation is briefly summarized here. The Polar satellite's eccentric orbit, with apogee at high latitude, provided excellent coverage of the cusp. Cusp signatures were sought in the region where the Polar satellite was on the day side (X SM > 0), at geocentric distance > 6R E , and magnetic latitude >= 25 • . Within this region, moments of the proton distribution from the HYDRA hot plasma analyzer (Scudder et al., 1995) were monitored for high density (fiveminute running average > 0.5/cc) and stagnant flow (X GSM speed < 100 km s −1 ). Such regions were labeled part of the cusp. Energetic particles within the cusp were observed by the CAMMICE MICS instrument . CEPs were identified from the definition of Chen and Fritz (2005) : a MICS > 40 keV ion count rate exceeding the instrument background by 3σ . Applying these criteria to the six years when MICS was in operation (April 1996 through March 2002), we found 1126 passes through the cusp, 915 of which had energetic particle signatures.
For determining the timing of geomagnetic storms, we used a high-resolution rederivation of the Dst index (Gannon and Love, 2011) . This index was pressure corrected with the model of O'Brien and McPherron (2000) . From this Dst * , storm onset times were identified by eye. We searched the data from April 1996 through March 2002 for classic storm signatures (e.g. Loewe and Prölss, 1997) where Dst * reached at least −30 nT. Two of us (SKM and JTN) independently determined onset times from this set of 170 candidates, looking for an abrupt change to a strongly negative slope in Dst * from equilibrium values near zero. We then reviewed these independent onset determinations and discarded 14 events which showed activity in Dst * , but where we could not identify a clear storm signature. Of the remaining 156 candidates, the median difference between our onset determinations was twelve minutes, demonstrating both a consistency of selection and the benefit of an index with finer resolution than the standard one-hour Kyoto Dst. On a final pass through the remaining events, we readily identified one or the other of our onset selections as better representing onset, and used this "consensus" onset list for our analysis. Figure 1 shows a superposed epoch plot of these 156 events, with a clear onset signature, giving confidence in our selection of storm onsets. (The minimum is somewhat obscured by storm-tostorm variability in the length of the main phase; the plot is not normalized.)
Beginning at these onset times, we identified storm minima times algorithmically. Each minimum was selected from a period starting at onset and lasting:
1. At least 3 h but not more than 30 2. At least until Dst * passed below −30 nT 3. Subject to the above constraints, until Dst * recovered to 50 % of its minimum value.
We used two existing substorm lists and generated one new one for this study. For the new list, we sought a global substorm signature that could be directly tied to energetic particle acceleration. Birn et al. (1997) attributed substorm energization to the dipolarization of the magnetotail. This dipolarization should provide a clear signature of increased energetic particle availability in the magnetosphere. According to the leakage hypothesis, then, dipolarization events and CEP observations should be associated.
The technique of Liou et al. (2002) was applied to identify dipolarizations from Geostationary Operational Environmental Satellites (GOES) magnetic field data. The magnetic field vectors B were converted to the VDH coordinate system: H antiparallel to the Earth's magnetic dipole, V in the plane of the magnetic equator and radially outward, and D completing the right-hand triplet. Then the magnetic elevation angle is
A dipolarization event was defined as an increase in elevation angle of 10 • in 10 min or less. No minimum time between dipolarizations was required; however, a single dipolarization event was assumed to last as long as the elevation angle maintained this slope. The resulting list showed 4265 dipolarizations for the study period April 1996 through March 2002. Cai et al. (2006) found that dipolarization signatures were clearly visible from 20:00-02:00 magnetic local time (MLT), with onset between 22:00 and 00:00. Thus this substorm set was limited to times when at least one GOES satellite was positioned at MLT 20:00-02:00. Under normal operation, two satellites were available, separated by 60 • and providing ten hours of coverage each day. Liou et al. (2002) inferred expansion of the dipolarization region of 4.9 • min −1 westward and 6.1 • min −1 eastward, resulting in a worst-case 12 min delay between onset (at 00:00 MLT) and measurement by a satellite (at 20:00 MLT).
Energetic ions injected in substorms would take time to drift to the day side; the gradient curvature drift time for equatorially-mirroring particles in a dipole field gives an estimate (e.g. Hess, 1968, p. 34) :
where τ D is the orbit period (in minutes), L the L-shell, and E the particle energy in MeV. At geosynchronous orbit (6.6R E ), a 40 keV proton (the minimum energy for the CEP definition of Chen and Fritz, 2005 ) has a drift period of approximately 2.8 h; a 200 keV ion (near the upper end of the MICS range), 0.56 h. Reeves et al. (1991) presented measurements of drift periods for electrons at geosynchronous orbit based on drift echos from substorm injections. These periods ranged from nearly 4 h at 37 keV to 0.6 h at 245 keV. They note consistency with the dipole approximation, explained by the expected relaxed state of the field line post-substorm.
As gradient-curvature drift speeds depend on particle energy per charge and pitch angle, but not mass or the sign of charge, these results are applicable to ions as well.
Half an orbit would bring an ion to the dayside, so we estimate 15-120 min between a substorm and possible CEP observations potentially caused by that substorm. Thus, even the fastest energetic particles could not arrive at the dayside from the tail before the dipolarization front reached GOES. We also expect the arrival of energetic ions in the cusp to be dispersed over about 100 min between the arrival of the most energetic ions and the least energetic.
We complemented this substorm list with two lists from the literature. Frey et al. (2004) 
Technique
The data sets in Sect. 2 provide lists of times when the Polar satellite was in the cusp, the subset of those times with energetic particles, and onset times of storms or substorms. We seek any significant association between the events in the first class (CEP events) and those in the second (storms, substorms). Niehof and Morley (2012) provide an extensive examination of techniques for determining connections between two different series of discrete events (point processes) (Cox, 1955) and the significance of the connection; here we summarize the theory. Previous applications of association analysis to space science include Hsu and McPherron (2002) and Morley and Freeman (2007) .
Consider two time series of different types of events, here called series A and series B. Each series is completely described by a list of times when events of the appropriate type occurred. In this study, series A is a set of storm or substorm times, and series B contains times when the Polar satellite observed CEPs, at a one-minute resolution.
Given measurements of a series of N A type A events, the i-th event is denoted a i . The j -th event of N B type B events, is similiarly denoted b j . Assume a time lag u between the series of events, and a half-window h representing an uncertainty in the timing of events or in the delay between them. The i-th individual association on series A is defined (Morley and Freeman, 2007) :
where #{} is the number of elements in set {}. In the zero-lag case, this is the number of B events b j which fall within halfwindow h of a particular A event a i . A non-zero lag shifts series B in time with respect to series A. The association number as a function of lag and halfwindow is the sum of the individual associations:
This can be described as the number of occurrences where an A-type event and a B-type event are within a half-window of each other. It is independent of the choice of which series is assigned to series A and which to B. It is also a different from a conditional probability: the association number does not presuppose the occurence of one type of event.
With no a priori knowledge of the lag between events, the association number is calculated by Eq. (3) for a large number of lags u covering the expected range of lags between the two sets of events. Here we use lags of −5 to 5 days, in five minute increments. The expected drift periods (Sect. 2) span a range of approximately 100 min, largely captured with a half-window of 30 min. Prior knowledge of the drift period itself is not required for the association analysis.
At very high lags, we expect any physical association between the series to be broken. Thus the association number at these high lags should tend to that of chance association (Brillinger, 1976) . This is called the asymptotic association number, n(u → ∞, h). Association numbers above the asymptotic association number indicate an association greater than chance. The association analysis says nothing about causality, only the temporal order of the association.
To determine the significance of the association, we construct confidence intervals on the association number using a bootstrap technique (Efron, 1979) . For each lag u, the set of N A individual associations c A,i are resampled with replacement to construct a surrogate set, also of length N A (cf. Morley and Freeman, 2007) . The individual associations in this surrogate set are summed, yielding a surrogate association number. Repeating this process several thousand times results in a set of surrogate association numbers which reflect the statistics of the population, and a 95 % confidence interval (c.i.) can be chosen from the 2.5-th and 97.5-th percentile of the surrogates. If the asymptotic association number is outside this c.i., the null hypothesis of chance association can be rejected at the 95 % level. In this study, we constructed confidence intervals from 10 000 surrogates at each lag.
The size, shape, and location of the cusp changes in response to geomagnetic activity and external drivers of that activity. Any association with CEPs must be distinguished from an association with conditions that make it easier for the Polar satellite to observe the cusp, such as an increase in solar wind pressure. The 95 % c.i. for the association number for cusp events with storms or substorms is compared to the association number of CEP events with the same. There are, by definition, fewer CEP events than cusp events. To allow a meaningful comparison, the asymptotic association number for each association was calculated from the median of association numbers for absolute lags of greater than three days, which should be well beyond any systematic association. The association number for CEP events was scaled so that the asymptotic association numbers match those for the cusp; the confidence intervals were scaled by the same ratio. The resulting CEP numbers were then divided by the cusp association number, removing variability of the cusp association with lag. This eliminated periodicities in the association due to limited sampling in both the CEP and substorm data sets and highlighted differences between CEP and cusp observations. The relative association number for cusp events was thus fixed at 1.0. The c.i. around this value varies with lag and can be compared to the c.i.'s for the CEP relative association number. Where the lower bound of the relative CEP c.i. exceeded the upper bound of the cusp c.i., we can be 95 % confident (.975 2 ) that CEPs are more strongly associated with storms or substorms than the cusp is.
The bootstrap resampling requires independence of the individual associations c A,i (not individual events a i ). In practice this condition can be met provided that events a i are sufficiently spaced such that a B-type event b j which falls within a half-window of a i is outside the half-window of preceding or following events, a i−1 and a i+1 (see also Niehof and Morley, 2012) . This study's thirty minute half-window is much smaller than the time between storm onsets (a minimum of one day, eight hours in this study's list) or the hours between substorms (Borovsky et al., 1993; Freeman and Morley, 2004) , our choices for series A.
The association analysis, related bootstrapping, and plotting were performed with the PoPPy module of the SpacePy package (Morley et al., 2010) .
Results

CEPs and storms
Geomagnetic storms are identified by disturbances in the Dst index, usually interpreted as an intensification of the ring current (e.g. Loewe and Prölss, 1997) . If the hypothesis of Fritz et al. (2000) is correct and CEPs contribute significantly to the ring current, we might expect some association between CEP observations and the most dramatic variation in the ring current. We calculated the association between storm onsets and CEP observations by the Polar satellite over lags ranging from −5 to 5 days at 5 min resolution.
The association between storm onsets and CEP observations by the Polar satellite (Fig. 2) , as compared to the association with CUSP observations, is well within that explained by chance. The confidence interval for the storm-CEP association largely overlaps that for the storm-cusp association. Indeed, the association number at asymptotic lags is very similar to that across the entire range of lags, and no peaks are apparent of even low significance.
Although the presented association plots show lags from −70 to 70 h (∼ 3 days), the association analysis was performed for −5 to 5 days to determine the asymptotic association number, and a full bootstrap calculation was performed for −4 to 4 days to search for any features of interest at large absolute lags. None were found. Thus we can be confident that the presented asymptotic association number indeed represents the level of chance association, unless CEPs and storm onsets are associated, to an identical level, at both very highly positive lags (CEPs preceding substorms) and highly negative lags (CEPs following substorms). The association analysis was repeated using the storm minima as the event time rather than the onsets (not shown), with similar results and no significant peaks. Thus storm onsets and minima occur independently of CEP observations. Given this independence, there is no indication that CEPs trigger storms. Similarly, dramatic stormtime enhancements in the ring current (median of −45 nT in this study) in less than ten hours show no association with CEPs over the following several dozen hours. Were CEPs continually fed by the ring current, and were this a significant source, we would expect some response to such a strong enhancement. This does not, however, eliminate the ring current as a potential CEP source, with energetic ions only leaking to the cusp under particular conditions, such as substorms (Sect. 4.2). Figure 3 shows the association with subtorms for CEPs and cusp observations, based on the combined Frey and Liou lists. The largest peak of CEPs relative to cusp occurs for lag of −595 min, i.e. the CEP observations lead the substorms by 10 h. This peak is, however, significant at only the 89 % level; chance association would find peaks this significant for about 327 of the 2881 lags in the analysis. Indeed, there is a 91 % significant depression at 109 h (4.54 days, not shown), well into the asymptotic region.
CEPs and substorms
The Liou list is based on data from the Polar satellite, which was also used for CEP and cusp observations. Correlations between the auroral observations and cusp passes may have caused artifacts in Fig. 3; therefore, Fig. 4 shows the same analysis using only events from the Frey list. Periodicities in the cusp confidence interval disappear. However, there is still no significant association. These data provide no support for any association between CEPs and substorms, in either direction. The same analysis for the GOES dipolarization-based substorm list is in Fig. 5 . Here, the CEP association with substorms is greater than the cusp association at about the 95 % level for lags from approximately 3 through 3.5 h, peaking at 96 % significance. This suggests some direct and immediate contribution to CEP occurrence from ions accelerated in substorms, with a drift period to the dayside consistent with the drift periods presented in Sect. 2. The increased association is apparent, although below the 95 % level, for nearly 20 h. This may be partially an artifact of the Polar orbit: since the Polar satellite sampled the high-altitude dayside once per 18 h orbit, for some events it could be several hours between the appearance of CEPs and their observation. A similar heightened association, around −7 h, is short and below the 95 % confidence limit. It may well represent random variability (as discussed above).
Indirect mechanisms, such as trapping in the HLPS (Asikainen and Mursula, 2005) , are not excluded by this analysis; neither are non-substorm mechanisms. For any proposed CEP source, events can be identified which appear consistent with only that source (e.g., Whitaker et al., 2007) . However, this study demonstrates support for a specific variation on the magnetospheric leakage origin of CEPs suggested by Blake (1999) and others, one significant enough to appear in a long-term statistical study rather than case studies.
Neither list yielded a statistically significant association between substorms and CEPs at negative lags, i.e. for CEPs occurring before substorms. This association would be expected if CEPs were to somehow contribute to triggering substorms. Its lack implies CEPs are not directly involved in substorm processes.
The Frey and Liou events are not necessarily accompanied by energetic particles at geosynchronous orbit. Using a small (five month) subset of the Frey list, Boakes et al. (2011) found only 33 % of the listed substorms were associated with classic energetic particle injection signatures at geosynchronous, 37 % showed some other energetic particle change, and 30 % showed no geosynchronous energetic particle fluctuations at all. The list may contain a substantial number of injectionless events, or events with injections too weak to reach geosynchronous orbit, weakening any association with energetic ions. A clear association, however, does not require a one-to-one correspondence between two series: Morley and Freeman (2007) found a significant association between substorms and triggers in general, but demonstrated that only 25 % of substorms showed a one-to-one correspondence.
The combined Frey-Liou lists contained 3874 events in the study period; of these, 1326 had GOES coverage for the thirty minutes before and after the onset. Of these events, 965 showed dipolarizations at GOES. When compared to the 4265 total dipolarizations measured by GOES, it is clear that these lists have substantial overlap but many events unique to each.
Ions gradient-curvature drift to the west in the geomagnetic field, so energetic ions drifting from the tail to the day side would be expected to appear first in the dusk sector. Figure 6 shows the MLT distribution of energetic ions in the cusp. MLT has been corrected for aberration due to nonradial solar wind flow and the Earth's orbital motion, after the method of Dmitriev et al. (2003) : the coordinate system for determining MLT was created by rotating the SM system about the z-axis by angle δ Y :
where V Y , V X are solar wind velocity components from the five minute resolution OMNI dataset 1 (Papitashvili and King, 2006) . This rotation places MLT 12:00 at the point facing directly into the upstream flow, rather than at the subsolar point. Figure 6 only includes data with four continuous hours of preceding GOES coverage at MLT 22:00-02:00. The hashed bars include data with no dipolarization during these four hours; solid gray bars include data with at least one dipolarization. Error bars show the 1σ range from binomial statistics:
1 Available at http://omniweb.gsfc.nasa.gov/.
where, for each MLT bin, p is the fraction of time in the cusp with CEPs present and N is the number of samples in the cusp. N is calculated assuming five minutes of observation constitute one independent measurement, i.e, for a bin with t minutes of cusp observations, N = t/5 min. Changes in the MLT distribution post-dipolarization are quite apparent. To evaluate their significance, an expected distribution was constructed. Starting with the nodipolarization distribution, the fraction of cusp observations with energetic particles for each bin was scaled so that the total such fraction across all bins (weighted by the number of measurements in each bin) matched the measured fraction post-dipolarization. Comparing the actual distribution post-dipolarization with the expected yielded χ 2 = 28.3, or a 3 × 10 −6 probability of the distributions being the same.
Although this change in distribution was significant, it was not limited to the expected dusk-side enhancement: CEP observations expanded into the morning sector as well. It is possible that the cusp/high-latitude trapping region could no longer trap ions in the reconfiguring magnetic field of a substorm, or that the additional ions observed were transiting the cusp without being confined there. Also, ions trapped in the cusp will orbit the cusp funnel, alternating eastward and westward motion, so the Polar satellite may have observed them at the dawn side of the cusp first, depending on the details of the drift path bringing them to the cusp.
Conclusions
-The Polar satellite data in this study support no association between CEP observations and geomagnetic storms. Major CEP contributions to the ring current seem unlikely in light of this result.
-Substorms, as measured by dipolarizations at geosynchronous, are associated at 95 % confidence with CEP observations about three hours post-substorm. Postsubstorms, CEPs are not observed preferentially in dusk sector, as would be expected for ion drift from the tail. Thus energetic ions accelerated in substorms may provide some contribution to CEP populations, but are unlikely to be the dominant source.
-In contrast, substorms determined from auroral signatures show no association with CEPs, possibly from inclusion of substorms or substorm-like events without substantial energetic particle injections.
-There is no suggestion that CEPs contribute to substorm triggering.
